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Map	 and	 Quantify	 was	 proposed	 for	 calculating	 PMC	 robustness	 and	 was	
tested	for	a	wound‐care	product.	The	results	show	that	the	method	was	appli‐





















Product	 robustness	 refers	 to	 performance	 consistency.	A	 production	 system	 can	be	 said	 to	 be	
producing	a	robust	product	when	the	variation	between	the	units	produced	is	low.	Many	robust	
design	 theories	 are	 available	 for	 achieving	 product	 robustness	 in	 discrete	 part	 and	 assembly	
production	systems.	In	these	cases,	maintaining	individual	parts	with	dedicated	quality	control	
















turing	processes.	 In	 contrast,	 process	manufacturing	product	 development	 is	 often	 sequential.	
This	means	at	the	time	the	product	design	is	proposed,	the	manufacturing	concept	has	yet	to	be	
determined	and	as	a	result,	the	estimated	variation	for	the	process	stage	is	somewhat	unknown.	
The	 process	manufacturing	 concept	 is	 then	 proposed,	 selected	 and	matured	 until	 variation	 is	















Research	 on	 process	 technologies	 has	 focused	 on	 assessing	 flexibility	 [9]	 by	 measuring	
process	 agility	 to	 changes.	 Smart	 Process	 Manufacturing	 (SPM)	 [10]	 leverages	 information	
technology	 by	 establishing	 proactive	 communication	 and	 self‐adjustability	 for	 each	 station	 to	
reduce	final	product	rejection.	Linking	process	variables	to	functional	attributes	and	controlling	
the	 final	 product	 quality	 by	 inline	 process	 checks	 has	 been	 well	 discussed	 by	 Chemistry,	
Manufacturing	 and	 Controls	 (CMC)	 regulatory	 groups	 in	 pharmaceutical	 development	 for	
ensuring	quality	to	be	within	specification	[11].	Marianthi	[12]	explains	the	process	of	ensuring	
product	 quality	 by	 quantifying	 the	 sensitivity	 to	 variation	 of	 different	 process	 variables	 and	
fixing	 their	 variation	 limits	 to	 meet	 requirements	 in	 oral	 drug	 development.	 State	 of	 the	 art	
































tion	 to	 station	 changing	 its	 form	 from	 raw	material	 to	 finished	product.	Variation	 is	 added	 at	
every	station	according	to	the	variability	of	the	process	used,	at	the	same	time,	the	station	may	




ܸܽݎ݅ܽݐ݅݋݊	ܿ݋݊ݐݎܾ݅ݑݐ݅݋݊	 ൌ ܸܽݎܾ݈݅ܽ݅݅ݐݕ ൈ ܵ݁݊ݏ݅ݐ݅ݒ݅ݐݕ ൈ ݄ܶ݁ܿ݊݋݈݋݃ݕ	݉ܽݐݑݎ݅ݐݕ	 ሺ1ሻ
ܥ݋݉݌݁݊ݏܽݐ݅݋݊	ܾ݈ܽ݅݅ݐݕ	 ൌ ܣ݆݀ݑݏݐܾ݈ܽ݅݅ݐݕ ൈ ܵ݁݊ݏ݅ݐ݅ݒ݅ݐݕ ൈ ݄ܶ݁ܿ݊݋݈݋݃ݕ	݉ܽݐݑݎ݅ݐݕ	 ሺ2ሻ
ܰ݁ݐ	ݒܽݎ݅ܽݐ݅݋݊ ሺܵݐ௫ሻ ൌ ܰ݁ݐ ݒܽݎ݅ܽݐ݅݋݊ሺܵݐ௫ିଵሻ ൅	ܸܽݎ. ܿ݋݊ݐݎܾ݅ݑݐ݅݋݊ሺܵݐ௫ሻ െ ܥ݋݉݌݁݊. ܾ݈ܽ݅݅ݐݕሺܵݐ௫ሻ ሺ3ሻ








∆FP ൌ ሺs1 ∙ ∆ܦܲ1ሻ ൅ ሺs2 ∙ ∆ܦܲ2ሻ൅ . . ൅ሺsn ∙ ∆ܦܲnሻ ሺ4ሻ
∆ܦܲ1 ൌ ሺs11 ∙ ∆ܲܲ11ሻ ൅ ሺs12 ∙ ∆ܲܲ12ሻ൅ . . ൅ሺsnm ∙ ∆ܲܲnmሻ ሺ5ሻ
∆ܨܲ ൌ ሺs1s11 ∙ ∆ܲܲ11ሻ ൅ ሺs1s12 ∙ ∆ܲܲ12ሻ൅ . . ൅ሺsnsnm ∙ ∆ܲܲnmሻ ൅ ሺs2s21 ∙ ∆ܲܲ21ሻ
൅ ሺs2s22 ∙ ∆ܲܲ22ሻ൅ . . ൅ሺsnsnm ∙ ∆ܲܲnmሻ ሺ6ሻ
2.2 Variation contribution	
This	 is	 an	 estimate	 of	 the	 amount	 of	 variation	 (in	 the	 FPs)	 expected	 to	 be	 introduced	 at	 the	
station	 (variability	 x	 sensitivity).	 Contribution	 is	 directly	 proportional	 to	 the	 capability	 of	 the	














This	 is	 an	 estimate	 of	 how	much	 variation	 in	 the	 product	 from	 previous	 stations	 that	 can	 be	
counteracted	at	the	current	station	(adjustability	x	sensitivity).	The	ability	to	compensate	is	an	
important	 capability	 of	 Smart	 Process	 Manufacturing	 (SPM)	 concepts	 [13‐15]	 which	 are	
characterized	as	 “self‐aware	and	proactive“	as	described	by	 the	process	 in	Fig	2.	Every	station	
sends	the	information	of	product	position/status	proactively	to	the	next	station.	The	next	station	
dynamically	adjusts	itself	to	suit	the	status	of	the	product	that	it	is	about	to	receive.	The	overall	
system	“smartness”	 is	 indicated	by	 its	proactive	measurement	 frequency,	 information	 feed	and	
speed	of	self‐adjustment.	Often	passing	the	information	is	easy,	but	measuring	may	be	difficult.	
Similarly,	receiving	information	is	quick	but	self‐adjusting	may	be	time	consuming.	However,	the	
information	 fed	 will	 not	 be	 meaningful	 if	 the	 adjustment	 is	 not	 quick	 enough	 to	 fit	 into	 the	
production	cycle	time.		
SPMs	are	focused	on	achieving	assembly	and	handling	variants.	The	same	mechanism	is	used	
in	 this	 research	 for	 compensating	 variations.	The	measured	amount	of	 variation	 added	at	one	






the	 pressure	 setting	 the	 thickness	 can	 vary.	 If	 the	 achieved	 density	 of	 the	 material	 is	 on	 the	
higher	side	of	its	tolerance	from	the	mixture	station,	the	pressure	should	be	increased	to	get	the	
thickness	to	its	nominal,	and	vice‐versa.	Here	adjustability	means,	ability	of	that	station	to	self‐
adjust	 its	 pressure	 to	 the	 density	 by	 utilizing	 the	 information	 from	 its	 previous	 station.	
Quantification	of	FP	adjustability	is:	how	much	thickness	change	can	be	accommodated	through	
adjusting	the	pressure	to	its	limit?	The	compensation	opportunity	of	adjustability	is	calculated	as	
shown	 in	 Eq.	 7.	 An	 adjustability	 calculation	 is	 to	 be	 established	 for	 each	 FP	 at	 each	 station	
independently.	
















of	 process	 capability	 data	 of	 that	 station	 depends	 on	 how	 mature	 the	 technology	 is.	 Even	
technology	proven	by	another	user	often	needs	to	pass	through	the	learning	process,	when	used	
in	a	new	organization.	This	condition	reduces	the	confidence,	increases	the	variability	and	at	the	











Contribution:	 ∆ܨܲ ൌ ݏ ∙ ∆ܲܲ ∙ ሺ1 ൅ ܶ݉ሻ ሺ8ሻ








FPs	 are	 basically	 product	 performance	 attributes	 and	 need	 to	 be	 converted	 from	 a	 subjective	























































The	 PMC	 explains	 the	 step‐by‐step	 progress	 in	 building	 the	 product.	 Different	 FPs	 start	 and	







chemical	 reaction,	 open	 air	 cooling,	 etc.	 sometimes,	 transfer	 adds	 an	 undesired	 contribution,	
such	as	 the	 conveyer	belt	vibrations	which	can	disturb	 the	previous	station	work.	This	makes	






































fluid	 repellent	 backing	 layer	 (1)	 on	 top	 and	 a	 wound	 contact	 layer	 (3)	 consisting	 of	 silicone	





































Concept	 1:	 A	 fully	 automatic	 line	 with	 computerized	 and	 analogue	 adjustment	 possibilities.	
Silicone	gel	adhesive	preparation,	layering	and	curing	is	the	main	cycle	driver.	A	continuous	roll	
film	layer	is	passed	until	last	to	separate	individual	products.	A	robotic	arm	adds	absorbent	layer	



















































tions	are	demanding	of	 the	manufacturing	concepts	on	 the	same	principle	of	adjustability	 [20,	
21].	The	proposed	robustness	quantification	process	 is	easy	applicable	 for	new	generation	 in‐
dustry	4.0	compatible	manufacturing	concepts. 
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6. Conclusion The process of estimating FP variation at the concept stage by linking concept characteristics to variation and compensation is demonstrated through a wound care product. This gives the op-portunity to select PMCs which have the potential to produce with lower variation in the prod-uct’s FPs. The method allows visualization of the flow of variation, and gives an opportunity to improve the concept further. By adding compensating ability at a few stations, many stations can allow for higher variability, reducing the product cost while achieving a low rejection rate. It reduces the product development cycle time by eliminating many iterations when establishing a product line. A key success criterion of this process is its ability to support the mapping of per-formance variation of a production layout, station by station. This process is also adaptable for any type of product and process, but requires knowledge of the variability sources and their impact on performance from product design. This process applicable to products containing high degree process manufacturing products (drugs, soft drinks, etc.) where the process design conducted by product design and manufacturing teams together.  Information exchange between product design and manufacturing is vital for successful im-plementation of the proposed process, which could be further supported by defining documen-tation standards for sensitivity values of the product and variability in the manufacturing details. The authors recommend that product robustness achievement to be part of the formal stage-gate criteria when selecting/evaluating PMC. Further research will consider establishing guide-lines for concurrent engineering to bridge robustness in design and manufacturing and best uti-lize Industry 4.0 standards for in-line measurements and adjustments. 
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